Introduction Aiming to achieve a simplified ventral hernia repair, a proprietary oval-shaped mesh was experimentally tested in a porcine model. The mesh is structured with a large central body and radiating straps. The friction of the straps passing through the tissues are hypothesized to be adequate to maintain the position of the mesh during tissue ingrowth, avoiding classic point fixation while ensuring a wide coverage of the abdomen. Methods The mesh, having six radial straps, was placed using a sublay preperitoneal technique in four pigs. All straps were passed laterally through the abdominal wall and exteriorized from the skin. The straps were trimmed at the level of the skin, allowing the stumps to recoil into the subcutaneous space. The animals were euthanized at 1 and 4 months to determine the integration of the straps. Results Macroscopically, all 24 straps were firmly incorporated within the abdominal wall. The tension-free placement of the mesh by using the straps was effective. The friction of the straps passing through the tissues was adequate to keep the mesh well orientated. No dislocation of the implants was observed. The strap system also allowed a broader coverage of the abdominal wall, far beyond the wound opening.
Introduction
Ventral hernia repair represents one of the most frequent surgical procedures [1] . Postoperative complications such as seroma, hematoma, and wound sepsis still embody an issue in this type of surgical repair, having been reported in the literature with an incidence between 13 and 44% [2] [3] [4] . This, along with a high recurrence rate of between 31 and 49% if a pure tissue repair is performed [5] [6] [7] [8] , indicates that there is room for improvement with the technique. Progress in surgical materials and techniques, such as the use of synthetic meshes, have demonstrated improved results with the reduction of the recurrences to less than 10% [9] [10] [11] [12] .
Nevertheless, the use of prosthetics presents its own problems [1] . To date, in ventral hernia repair (open as well laparoscopic hernia repair), the fixation of the mesh is often complex. Site-specific or small meshes have led to unacceptable failure rates, which has led to a shared concept that, in the case of incisional hernia repair, the mesh must be large enough to overlap the defect by an adequate amount [13, 14] .
In open repair, the fixation of meshes is frequently difficult to achieve because of the remote and narrow location where the mesh margins should be fixed. In open and laparoscopic repair, suture or tack point fixation of the mesh is in evident contrast with the dynamics of the abdominal wall. This muscular movement against fixed points often results in tissue disruption, pain, bleeding, hematoma, or even mesh displacement [14, 15] .
In order to resolve the issue of fixing the mesh, we have developed a proprietary mesh with a special design which is different to the classic fixation, allowing tensionfree and dynamic compliant features after implantation. The shape of the implant is comparable to conventional ones, but the presence of radiating mesh arms at its margins makes it somewhat unique. These arms are intended to pass through the abdominal wall structures, thus, stabilizing the implant thanks to the resistance exerted by its surface lying in contact with the tissues. The use of such mesh straps in surgery is not new, having been used in the last several years to repair female genital prolapse [16, 17] . Scientific reports demonstrate that the friction exerted by the polypropylene arms provides for an efficient stabilization. This feasibility study aims to evaluate whether, in a porcine model, the tension-free properties of a modified mesh through the use of a strap system are helpful in ventral hernia repair by avoiding the need for point fixation.
Materials and methods
This study was performed under the regulations of the University of Palermo and the Experimental Zooprophylactic Institute of Palermo according the ethical guidelines of both Institutions. A proprietary oval-shaped mesh consisting of a central body with six radiating mesh arms (straps) of 2-cm width and 15-cm length was developed by Insightra Medical Inc. of California (Freedom TM Ventral Hernia Repair-S size) (Fig. 1a) . This newly developed mesh was designed to be employed in preperitoneal ventral hernia repair procedures. The mesh was constructed using lightweight large-porous polypropylene (Assut Europe SpA, Italy). The oval central body of the implant employed in our experimental model had dimensions 12 9 15 cm. The scope of the mesh arms was to tunnel them through the tissues of the abdominal wall with the purpose to hold the mesh in place by friction, without transmitting tension to the body of the implant and, importantly, avoiding suture fixation. The experimental trial was carried out in four pigs having a weight range of 30-40 kg. In each animal, after opening the abdominal wall with a skin incision of 8-10 cm in length, the peritoneum was separated from the layer of the posterior abdominal wall by manual blunt dissection (Fig. 1b) . All four meshes were deployed in a preperitoneal sublay fashion and all straps were passed through the abdominal wall and out from the skin by means of tunneling forceps though the tissues, grasping the straps, and pulling them out (Fig. 1c, d ). Of note is that the tunnel is drastically smaller than the folded mesh straps, allowing the straps to sit in a compressed form in the tunnel, adding to the gripping forces. No additional fixation was used to hold the mesh in place. All straps pulled out from the skin were trimmed in order to let the stumps retract back into the subcuticular space (Fig. 2a, b) . After placement of the mesh and ensuring that it was lying flat with minimal folds, the layers of the abdominal wall were closed by suture (Fig. 3a) and the skin was closed with the total intradermal suturing technique (Fig. 3b) . The small skin punctures where the straps were exteriorized were not sutured in the porcine model (Fig. 3b) . The surgical procedures in the animals were carried out under general anesthesia (premedication: zolazepam ? tiletamine 6.3 mg/kg ? xylazine 2.3 mg/kg; induction: propofol 0.5 mg/kg; maintenance: isoflurane ? pancuronium 0.07 mg/kg 15-30 mg). All pigs received a postoperative antibiotic treatment with oxytetracycline (20 mg/kg/die for 3 days). To determine the condition of all 24 straps within the abdominal wall structures, two pigs were sacrificed at 1 month and the two after 4 months. The abdominal wall was block-dissected and reflected to examine the placement of the mesh and the position and condition of the straps. We looked macroscopically for any detrimental tissue reaction, erosions, or main-body dislocation. Histological examination of the excised straps as well as the body of the mesh was also carried out.
Results
All animals survived the operative procedures. In all pigs, the wounds healed per normal course. In the follow up, no seroma or infection was detected. At both 1 and 4 months, we could macroscopically observe that all 24 straps were completely and firmly integrated within the abdominal wall, allowing the stabilization of the mesh through the macroscopically evident ingrowth of fibrotic tissue (Fig. 4a, b) . The fixation-free fastening of the mesh made by the strap was effective and avoided dislocation of the implants at a time of both 1 and 4 months from implantation. The body of the meshes appeared well orientated and tightly fastened in the abdominal wall (Fig. 5a, b) . In addition, the strap system seems to have allowed the broad and effective covering of the abdominal wall, far beyond the wound opening, which is in line with the suggestions reported in the literature [13, 14] . The histological examination showed a normal inflammatory response to polypropylene, as well as a fibroblastic incorporation of the body of the mesh and straps. 
Discussion
To date, in open ventral hernia surgery, one of the critical issues is related to the need for mesh fixation at its lateral margins to avoid mesh migration or dislocation due to physical movement. During ventral hernia procedures, the fixation of the mesh at the periphery of the abdominal wall has been shown to be challenging due to the anatomical limitations of space and access. For this reason, a minimally invasive procedure is often not possible and large wound openings are frequently required to facilitate suturing of the mesh in place. Besides an elevated frequency of postoperative bleeding, hematoma is reported to be a direct consequence of point fixation of the implant [14] . Due to the limitations of access and the need for multiple point fixation which tightly holds the mesh in place, we ask the question ''Are mesh repairs always tension-free?'' This often results in postoperative complications such as bleeding and hematoma. These complications are thought to be a result of point fixation tearing out of the tissue during stress loads on the implant postoperatively [14] . Moreover, tight suturing of the mesh to the muscular structures does not allow for a compliant motion of the implant, which may be helpful during movement of the abdominal wall. Eliminating the need for complex, multiple (often up to 20) point fixations should also simplify the surgical procedure, saving time, and could allow the reduction of the risks associated with those multiple fixations. The depicted arm system of our device is continuous with the body of the implant, and is made from the same mesh, which has give in the longitudinal direction. This allows the straps to extend under strain and motion, acting as a type of shock absorber. By distributing the strain of the implant along its flexible axis, the chance of disruption is reduced through the distribution of load, as reported in the literature [17] . In ventral hernia repair, the strap system could also allow for a much smaller wound opening by eliminating the need for complex suturing maneuvers. The simplified tunneling technique can be performed almost blind, and requires little to no supination and pronation within the confined space of the abdomen. In our experience, the arms appeared to have assured that the mesh remained correctly orientated in the abdominal wall and support our thoughts that the straps are functionally for orientation rather than fixation. Fixation occurs through tissue incorporation in the open weave of the mesh. This, we think, is crucial during the early postoperative period. The gripping forces exerted by the straps in the tissue tunnels is thought to be the consequence of physical compression, friction, and, soon after implantation, biological factors such as fibrin formation. The use of such polypropylene straps has been well established in pelvic organ prolapse repair. These tools have been demonstrated as very useful to achieve a fixation-free but firm and secure placement of polypropylene implants in high-pressure areas such as the pelvis [16] [17] [18] [19] [20] . The histological evidence of early fibroblast incorporation among the polypropylene straps, even after very short periods of time, is clearly demonstrated [20] . These features correspond to the histological findings that we have seen in the excised straps. Moreover, the histological results of the body of the mesh are in line with that described in the literature [13, [21] [22] [23] . Furthermore, the pullout force for the straps over varying time periods has been well evaluated in the literature. In fact, using straps with the same dimensions of the arms used in our study and in a comparable muscular structure, the force needed to remove the straps in human cadavers amounts to 1,176 g [24] . In another study concerning the features of the same device in animal models, it was demonstrated that the strap begins to incorporate within the tissues after just a few minutes. This last report showed that, immediately after placement, each strap required circa 282 g of pullout force to be removed but, due to full tissue incorporation, after 2 weeks, 4,457 g of pullout force were required to disrupt the mesh-this is well beyond the actual destruction of the tissues [25] . This type of stabilizing effect motivated us to describe this fixation-free arm system for ventral hernia repair with the neologism 'freexation.' The features of the 'freexated' arms illustrated in the present report could be significant, especially when considering the cascade of events typical of the early postoperative period. In this critical phase, in the case of strains or coughs, the compliant weave of the mesh will elongate, so that it does not permit abdominal forces to pull against fixed points, which would otherwise tear any fixation. In our opinion, this could be essential for the reduction of early recurrence due to implant dislodgement while the mesh is being integrated into the tissues. As there is such a wealth of literature showing the use of straps for mesh fixation in urogynecological procedures (preclinical and clinical), we deemed it only necessary to replicate the results as confirmation in an experimental trial in the porcine model. However, based upon the background knowledge and our own results, we consider the outcomes of this feasibility study very encouraging for the use of such a system in ventral hernia repair. Based upon this data, we believe that its use for ventral hernia repair in humans could shorten and simplify the procedure at the same time, reducing complications and recurrence rates through a broader, truly tension-free placement, and reduction of early disruption. Nevertheless, this will require comparative clinical trials for confirmation.
